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ABSTRACT
The retina, the sensory neuronal tissue within the eye, is composed of three layers
of neuronal cells connected by two synaptic layers lining the inside of the anterior portion
of the eye. Multipotent retinal precursor cells are genetically homogeneous and
differentiate into mature retinal neurons due to differential gene expression. Differences
in gene expression have been correlated with epigenetic modifications such as DNA
methylation. DNA methylation of upstream regulatory elements is associated with
transcriptional silencing of gene expression. Years of research in retinal development has
identified the numerous genes expressed during the main steps of retinal development,
however, it is unclear how epigenetic modifications such as DNA methylation influence
the expression of the genes. Several studies have correlated methylation patterns with
expression levels of specific genes such as Rhodopsin (RHO) and Retinal Binding Protein
3 (RBP3), however, there is a lack of knowledge regarding the changes in methylation
and gene expression patterns during retinal development of many other photoreceptor
genes. In an attempt to characterize the role of DNA methylation in regulating
developmental-specific patterns of gene expression in the retina, this project correlates
chicken (Gallus gallus) whole-genome bisulfite sequencing (WGBS) data with RNA-seq
data to identify a novel set of epigenetically-regulated genes involved in retinal
development. Further gene specific analyses indicate an inverse relationship between
methylation and expression in several retinal genes (PRPH2, FSCN2, LRIT1) while other
genes (ARR3, PDE6B, PDE6C, GNAT1) do not show the same relationship. Additional
analysis of the DMRs accompanying the DEGs can answer questions about the
mechanisms by which DNA methylation is influencing gene expression. By correlating

vii

the differentially expressed genes with the differentially methylated regions of the
developing retina, we can begin to understand the role of DNA methylation in producing
functional retinal cells from retinal pluripotent cells. This knowledge can give insights
into how to generate retinal neurons to better treat retinal degenerative diseases.
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INTRODUCTION
I. The Vertebrate Eye
One can argue that vision is one of the most significant senses for an organism
even though determining how vision controls animal behavior is difficult. Even in its
most rudimentary form as “eye spots”, in organisms such as cyanobacteria, the ability to
provide basic information about the conditions of the environment gives the organism an
advantage1. The advantage of sight has driven the evolution of the eye from a simple
light/dark sensing eye spot to the complex single-chambered camera eye found in
vertebrates2. Vertebrate eyes, although having some anatomical similarities, have
undergone a vast variety of structural modifications to produce an eye best fit for the
organism’s environment2,3. The human eye is characterized by an external layer formed
by the sclera and cornea, the intermediate layer, which includes the iris, ciliary body and
choroid, and the internal layer, which contains the sensory part of the eye called the
retina4 (Figure 1).
a. The Retina
The retina, the sensory neuronal tissue within the eye, is composed of a layer of
neuronal cells lining the inside of the anterior portion of the eye. The retina develops
from optic vesicles that outpouch from the sides of the neural tube. The inside of the
optic cup, formed from the optic vesicles, becomes the retina while the outside becomes
the retinal pigment epithelium (RPE)5. Further retinal development occurs with cell
divisions and cell migration. The fully developed retina consists of three layers of nerve
cell bodies, the outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell
layer (GCL), as well as two synaptic layers known as the outer plexiform layer (OPL)
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and the inner plexiform layer (IPL). Rod and cone photoreceptors (PRs) are found in the
ONL. The layer of tissue behind the photoreceptors is the retinal pigment epithelium4
(Figure 1). Along with providing a support layer for the rods and cones, the RPE
functions as a retina/blood barrier by controlling the importation of nutrients from the
blood vessels found behind the RPE and in removal of waste products. The RPE also
helps to renew parts of photoreceptors that are damaged by photo-oxidative stress and
absorbs excess light to help the retina produce a clearer image6. The inner most layer is
the GCL, which contains ganglions cells. The axons of the ganglion cells form the optic
nerve. Bipolar, horizontal, and amacrine cells in the INL transmit information from
photoreceptors to ganglion cells. Muller glial cells, also located in the INL, provide
structure and, in some non-mammalian vertebrates, can generate new neurons after
retinal injury. The five major retinal cells (photoreceptors, horizontal, bipolar, amacrine,
and ganglion cells) include many morphological and functional subtypes7 (Figure 1).

a

b

Figure 1. The parts of the vertebrate eye and the layers of the vertebrate retina. (a) The vertebrate eye
showing the major parts of the eye including the retina attached to the back of the eye. The expansion
shows the various layers within the retina as described in the text. (b) The organization of the retina
showing the pigment epithelium of the RPE, the photoreceptors in the ONL, the horizontal, bipolar, and
amacrine cells in the INL, and the ganglion cells of the GCL. Pictures taken from reference8
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b. Photoreceptors
In the retina, the rod and cone photoreceptors (PRs) are the key cells responsible
for vision. Both rod and cone PRs have the same basic structure consisting the synaptic
body, the cell body, the inner segment, and the outer segment but differ in that the rods
are narrower than cones. PRs are oriented so that the synaptic body connects with bipolar
cell (found in the INL). The PRs outer segment consist of disks that contain the opsin
protein responsible for photon absorption4 (Figure 2). Highly sensitive rod PRs facilitate
achromatic low light vision. They contain a light-sensitive photo pigment called
rhodopsin that is sensitive to blue-green light around 500 nm. Red, green, and blue cone
PRs facilitate high acuity color vision and contain photo pigments sensitive to long (~560
nm), medium (~530 nm), and short (~420 nm) light wavelengths, respectively9.

Figure 2. Basic structure of rod and cone photoreceptors. Abbreviations: outer segment (OS), inner
segment (IS), connecting cilium (CC), nuclei (Nuc), and cytoplasm (Cyt). Image taken from reference 10.

c. Phototransduction
Light’s first contact with the eye starts at the cornea, the transparent tissue that
covers the pupil and iris. Along with providing a protective covering against dust and
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pathogens, the cornea functions in focusing light by refracting the light through the pupil
and onto the lens inside the eye. In doing so, the cornea is providing for approximately
two-thirds of the total optical power of the eye11. The light then passes through the
crystallin lens, which provides the remaining one-third of the optical power and transmits
the light on the retina12. Light then traverses the layers of retina until it reaches the
outermost photoreceptor layer8.
Vision starts with the process of phototransduction, which occurs by a G-protein
coupled receptor (GPCR) mechanism upon absorption of light photons. Photoreceptors
consist of stacks of double membrane similar to the thylakoid stacks seen in chloroplast.
These double membranes contain a visual pigment, which consists of the protein opsin
and retinal. When photons of light hit the opsin found on the double membrane, the
retinal protein, which is bound to opsin, changes configuration and releases from opsin13.
This causes a structure change in opsin and activation of the G-protein, transducin. After
transducin activation, of the three subunits that make up transducin (α, β and γ), αsubunits break away from transducin and activate the G-phosphodiesterase enzyme,
which catalyzes the conversion of cGMP to GMP in the cell. As this conversion occurs,
the concentration of cGMP in the cell decreases. In the photoreceptor, the function of the
cGMP is to open Na+ ion channels on the membrane of the disks. Therefore, a decrease in
the cGMP concentration results in the closing of the Na+ channels preventing sodium ion
from entering the photoreceptor cell. This results in the hyperpolarization of the
photoreceptor causing the photoreceptor to stop neurotransmitter (the amino acid
glutamate) release to second order neural cells (the bipolar cells) in the retina. Therefore,
the lack of glutamate sends an electrochemical signal to bipolar cells and then to the
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amacrine cells in the INL, which connect to ganglions cells in the GCL. The axons of the
ganglion cells connect to form the optic nerve, which sends the signal to the brain for
visual processing14 (Figure 3).

Figure 3. The status of the rod cell with and without the presence of light. Light initiates the
phototransduction pathway, which results in closing of sodium channels and preventing the release of the
glutamate neurotransmitter. Image taken from reference15.

d. Vertebrate Retinal Development
As mentioned previously, during the development of the eye, the optic vesicle
(that outpouch from the neural tube) forms two layers with the distal layer becoming the
neural retina and the proximal layer becoming the RPE5. The fate of the neural retina is
then determined by a set of eye field transcription factors (EFTFs) including pax6, rx,
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six6, lhx2, and otx216. Generally, in vertebrates, the conserved order of events that follow
are formation of ganglion cells, photoreceptors, and then Muller glia cells. The default
status of progenitor cells is the activation of the otx2 transcription factor, which generates
the photoreceptors, bipolar, amacrine, and horizontal cells17. Therefore, the repression of
Otx2 results in the production of other cell types, such as ganglion and Muller glia cell. A
small number of precursor cells produce the Atoh7 transcription factor result in ganglion
cells. Retinal progenitors that express Foxn4 and Rorβ transcription factors induce the
expression of Ptfla. This gene encodes for a transcription factor important for
development of amacrine and horizontal cells18.
In addition to otx2, multiple other transcription factors must be expressed for the
differentiation of progenitor cells into photoreceptor or bipolar cells. Blimp1 restricts
vsx2 expression, which is needed for bipolar cells development. Therefore, if blimp1 is
not expressed, then an otx2 expressing cell could become a bipolar cell16. The ability of a
progenitor cell to become a photoreceptor depends on the expression of CRX, the conerod homeobox protein. Mutation in CRX result in disorders such as retinitis pigmentosa in
humans. Once a cell is expressing CRX, additional transcription factors determine if the
cell will be a rod or a cone photoreceptor. The most important transcription factor in this
process is NRL, a basic motif-leucine zipper transcription factor. Cell expressing nrl
result in rod photoreceptors while cells not expressing nrl become cones19. The last cell
types produced during retinal development are Muller glia cells, which depend on the
Notch-Hes signaling pathway for proper development16. Overall, the ability of a
progenitor to become a specific retinal cell is due to a combination of intrinsic factors
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(such as transcription factors described above or the cells epigenome described below)
and extrinsic factors such signaling molecules from surrounding cells10.
II. Gene Regulation
The development of the retina, described above, is dependent on the timely
expression of specific genes that encode for transcription factors. Therefore, the control
of the expression is a significant factor in proper retinal development. Eukaryotic gene
expression is primarily controlled during transcription. Cis-acting regulatory sequences,
which regulate gene expression, include promotors close the transcriptional start site
(TSS) and enhancers and silencers further away from the TSS. These regulatory
sequences function through binding of transcriptional factors that can then regulate RNA
polymerase20. Besides regulatory sequences of the DNA, the chromatin structure can
influence gene expression. The tight winding of the DNA molecule around the histone
proteins is a major factor in transcription as it prevents access for transcription factors
and RNA polymerase. Modifications to the N-terminus of the histone tails greatly affect
transcriptional activity21. These modifications are a category of epigenetics, the study of
modifications to the genome that influence gene expression but are not changing the
DNA sequence22. Epigenetics has received tremendous amounts of attention not only
because of their influence on gene expression but also because they are enzymically
reversible and in some cases mitotically heritable23.
III. Types of Epigenetic Modifications
a. Histone Modifications
One type of epigenetic modification is modifications to histone tails, include
acetylation, methylation, phosphorylation, and ubiquitylation on the N-terminal tails of
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the histone proteins24. Acetylation, or the addition of an acetyl group by histone
acetyltransferases (HATs) to lysine residues of the histone tail, generally correlates with
an open chromatin and therefore transcriptional activity. This occurs through a
neutralization of charge between the DNA backbone and histone tails22. There is,
however, many more variation in terms of methylation on lysine or arginine residues of
histone tails. An individual lysine can obtain as much as three methyl groups.
Methylation on the H3 histone at lysine 4 (H3K4) is associated with transcriptionally
active regions of the genome whereas methylation at H3K27 are repressive and
associated with silencing chromatin25. Phosphorylation occurs on several residues
predominantly on histone tails. This modification adds negative charge to the histone and
therefore influences the structure of the chromatin. The effects of phosphorylation are not
clearly understood but it is known that phosphorylation on histone 3 prevents binding of
histone methyltransferases involved in gene inactivation26. The last modification, the
addition of the ubiquitin polypeptide to lysine residues, is a large covalent modification
that usually occurs on the H2A and H2B proteins. Ubiquitylation on H2A is mostly
associated with gene silencing, whereas on H2B it is associated with transcriptional
activation27.
b. DNA Methylation

A second class of epigenetic modification, termed DNA methylation, is also
known to influence not only gene expression but splicing, nucleosome positioning, and
transcription factor activity28. In plant and vertebrate animal genomes, DNA methylation
is found as an enzymatic addition of a methyl group to the fifth carbon on cytosine
bases29. DNA methylation is usually studied in a 5’-CpG-3’ (cytosine-phosphate-
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guanine) context since approximately 80% of methylation occur in CpG sites in
mammalian genomes28. CpGs that are in an ~200bp region with a high C+G content are
called CpG islands whereas CpG regions within 2kb of an island are called CpG shores.
CpG islands are typically unmethylated. CpG shores have a lower number of CpGs and
have been associated with tissue specific differential methylation30,31. In addition to
methylation in a CpG context, there are also instances of CHG and CHH context where H
can be a A, T, or G nucleoside. CHH methylation is known to be asymmetric, meaning
methylation is found on one of the DNA stands. The function of CHG and CHH
methylation is unclear in mammals but has been associated with neuronal cells32.
DNA methylation is carried out by a family of DNA methyltransferase (DNMT)
enzymes29. In humans, the main enzymes are DNMT1, DNMT3A, and DNMT3B. The
original methylation patterns are thought to be established by DNMT3A/B as they are
highly expressed in early embryonic cells33. DNA methylation is then maintained in
subsequent rounds of replication by DNMT134,35. These enzymes are necessary for proper
development of an embryo36. For example, a knockout of DNMT1 and DNMT3B in mice
causes early embryonic lethality and a knockout of DNMT3A causes death 4 weeks after
birth33,36. The removal of methyl groups is carried out by the TET (ten-eleven
translocation) family proteins. These proteins oxidize 5-methyl-cytocine (5mC) to 5hydroxymethylcytosine (5hmC), which is converted to 5-formylcytosine (5fC) and finally
5-carboxycytosine (5caC). This final form can then be converted to unmodified cytosine
by the base excision repair process37,38. These derivatives of 5mC could potentially
influence how proteins bind to DNA, however, their function is currently not
understood28.
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Earlier studies of DNA methylation around promoter regions showed that
hypermethylated regions were correlated with decreased expression of downstream
genes28, however, as high resolution next generation sequencing technologies emerged,
more studies indicated that the DNA methylation is also associated with gene
activation39. In addition, methylation in the gene body is associated with gene
activation40. The effect that DNA methylation has on gene expression may be due to its
effect on nucleosome positioning. Studies have shown that unmethylated CpGs occur in
the minor grooves facing away from the histone octamer whereas methylated CpGs are
proximal to the octamer and therefore stabilize the nucleosome structure41. Methylation
in the major groove that is wrapped around the octamer results in a more open
nucleosome structure whereas methylation in the minor groove does not have an effect42.
The ability of transcription factors to bind to DNA is also influenced by DNA
methylation28. A study looking at over 100 transcription factor binding motifs with at
least one CpG showed that DNA methylation reduces and enhances the interaction
between the DNA and the transcription factor43. These data indicate that DNA
methylation has complex roles in gene regulation and that further work must be done to
learn more about and organize patterns of DNA methylation.
In addition to gene regulation, DNA methylation is significant in various other
biological processes. Examples include instances when expression of a large region of the
DNA must be suppressed for the proper function of the cell. For example, a large portion
of methylation has been found on transposable elements such as LINEs and SINEs.
Methylation in these regions have been found to inactivate destructive transposition
events in the genome44. Another example is in X-chromosome inactivation in which
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females must inactivate one of the two X-chromosomes in somatic cells. This is done by
hypermethylation of the promoter CpG islands along the inactive X-chromosome45. A
third example is in genomic imprinting, in which a maternal or paternal allele is
suppressed through methylation. In genomic imprinting, an allele is suppressed during
gametogenesis and this differential methylation pattern is maintained during subsequence
divisions after a zygote is formed46. DNA methylations also plays a significant role in
early embryogenesis. In early stages, cells go through genome-wide demethylation which
erases all DNA methylation patterns except gamete specific methylation patterns
established in genomic imprinting. This event is then followed by a genome-wide DNA
re-methylation that established cell type specific patterns seen in full differentiated
somatic cells. These periods of DNA methylation reprogramming provide opportunity for
environmental influence47. Lastly, DNA methylation is being extensively studied for its
implication in tumorigenesis and cancer. Studies have found abnormal methylation
patterns in cancerous tissues. For example, abnormal methylation results in mutation in
the tumor suppressor gene, TP53 that encodes p53. The mutation is a result of the
spontaneous deamination of methylated cytosine, which results in thymine base48. With
continuous research, the correlations between disease and abnormal methylation is
becoming stronger47.
IV. DNA methylation and Disease in the Retina
DNA methylation has been shown to play a role in regulating tissue-specific gene
expression, including during the differentiation and maturation of retinal neurons. Dnmt1,
Dnmt3a, and Dnmt3b are all highly expressed in early stages of development in the
mammalian retina. Knockout of Dnmts in mice results in abnormal retinal development,
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dysregulation of retina-specific patterns of gene expression and retinal neuron
degeneration49. Additionally, different methylation activity can also be observed across
various cell types within the retina. For example, RBP3 (encoding the retinal-binding
protein important in phototransduction) and RHO (encoding the rhodopsin protein) genes
were unmethylated around the transcriptional start site in PRs but mostly methylated in
the non-PR cells of the INL50. Another example of the relationship between DNA
methylation and gene expression is in the EphA5 gene expressed in ganglion cells. This
gene is part of a family of tyrosine kinase receptors that induce intracellular signaling
cascades. In mice, increased methylation of the EphA5 promoter from embryonic day 17
to 8 months post birth was correlated with a decreased level of EphA5 transcription51.
The effect of differential methylation on protein interactions with DNA has also been
observed in the retina. An earlier study using electrophoretic mobility shift experiments
showed that a hypomethylated (in photoreceptors compared to non-photoreceptor cells)
5’ flanking region of the IRBP (encoding the interphotoreceptor retinoid binding protein
expressed in photoreceptors) gene resulted in decreased protein binding, indicating
tissue-specific methylation patterns52. Collectively, these findings indicate that DNA
methylation is critical for establishing and maintaining normally functioning retinal
neurons.
Aberrant changes in DNA methylation can alter gene expression networks and
disrupt cellular function, resulting in disease. This has been observed in retinal disorders
correlated with abnormalities in gene expression networks53–55. Such examples are seen
in age-related macular degeneration (AMD), a the leading cause of irreversible vision
loss in the elderly and is characterized loss of central vision56. One study determined the
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GSTM5 (glutathione S-transferase isoform mu5) promoter to be hypermethylated in
AMD retina compared to controls. This hypermethylation was correlated with decreased
mRNA levels57. In addition, research has shown that there is a complex interaction of
genetic and environmental risk factors associated with AMD58. A more thorough
understanding of epigenetic regulation of retinal development is necessary to understand
the cause and progression of retinal degenerative disease. This knowledge would then be
useful in developing therapies such as retinal regeneration and cell replacement59.
V. Specific Purpose and Goals of the Study
To discover mechanisms that govern retinal development, this project aims to
characterize the role of DNA methylation in regulating tissue and developmental-specific
patterns of gene expression in the retina, using integration of whole genome methylation
and whole transcriptome data. Whole genome methylation data was obtained using whole
genome bisulfite sequencing (WGBS). This technology provides single-base resolution
methylation data for nearly every CpG site in the genome. This allows for identification
of global patterns and differentially methylated regions (DMRs) between treatments60.
Other contemporary methods for analyzing genome-wide DNA methylation, such as
Infinium 450K BeadChip methylation array, analyzes a small subset of pre-determined
sites and therefore does not cover all CpG sites in the genome61. mRNA transcriptome
data was obtained using RNA-seq, which is currently the gold standard for thorough
analysis of global gene expression changes due to the integration of high-throughput
sequencing of cDNA copies of total cellular mRNAs62. In this study, these two widely
accepted methodologies are utilized for the following two aims.
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1) Analysis of mRNA transcriptome data collected from E8 (embryonic day 8)
and E18 retinal neurons and E18 cornea of chicken to identify tissue and
developmental-specific differentially expressed genes (DEGs). Comparison of E8
and E18 retina will help determine how the transcriptome changes during retinal
development and how precursor cells become fully functional. Comparison of
E18 retina and E18 cornea will provide more insight into what makes the retina
tissue distinct from other tissues in the eye.
2) Analysis of whole genome DNA methylome data collected from E8
(embryonic day 8) and E18 retinal neurons, E18 cornea and E18 brain of chicken
to identify tissue and developmental-specific differentially methylated regions
(DMRs). Comparison of E8 and E18 retina will help determine how methylation
patterns change during retinal development. Comparison of E18 retina, cornea
and brain will provide more insight into what makes the retina tissue distinct from
other tissues in the eye by determining tissue specific methylation patterns.
Additionally, this study developed a customized bioinformatics analysis pipeline to
integrate RNA-seq and WGBS data sets to identify a novel set of epigenetically-regulated
genes involved in retinal developmental. Further gene-specific assays will provide
detailed information on the methylation patterns associated with the expression. This
information will provide additional insight into tissue-specific and developmentalspecific patterns of epigenetically regulated gene expression in the retina.
VI. The Chicken (Gallus gallus) as a Model for Studying the Vertebrate Retina
Retina and vision research have been conducted with a variety of animal models
including Drosophila, amphibians, fish, and mice1. The chicken (Gallus gallus) embryo
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has classically been an important model system for studying retinal development63. The
development of the vertebrate retina is a conserved process and therefore the similarities
of the chicken eye to human eye occur at the anatomical, cellular, and molecular
level17,64,65. The development of the whole chicken embryo has been meticulously
detailed at the anatomic level and occurs in only 20 days of incubation with hatching
usually occurring on the 21st day65. The various retinal strata differentiate starting on
embryonic day 6 and are completed by day 14. Before hatching, the retina is fully
developed and functional66. Therefore, this rapid development makes the chicken model
useful for understanding changes that occur at various embryonic days. Furthermore,
many techniques have been recently developed for production of transient transgenic and
knockout chicken lines for facile molecular analysis63. Additionally, the chicken genome
has been fully sequenced and annotated, providing a variety of genomic tools to study
this system67. This organism is also beneficial for experimentation as chicken eggs are
inexpensive, available year-round, and housing of the eggs is easily achieved with a small
lab incubator63. Access to the tissues of the eye at various stages is also easily possible
since the chicken embryos have large eyes even in early stages of development. The eye
can be easily dissected for retinal tissue as early as day 6 of embryonic development.
Although the characteristics of the chicken eye make it a very useful study model
of the vertebrate, the differences between the chicken eye and human eye cannot be
ignored. Due to their foraging and courtship behaviors, birds’ visual sense is important to
their fitness. This has resulted in the production of one of the most complex retinae of
vertebrate eyes68. In addition to having the three single cones (for red, green, and blue
wavelengths) and the rod photoreceptor, birds also have a fourth single cone sensitive to
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wavelengths of ~415 nm, which represents violet or ultraviolet wavelengths. This is
thought to be useful for seeing ultraviolet plumage patterns that are displayed during
courtship69. Lastly, birds also have a double cone, two cones physically joined and acting
as a single functional unit, for achromatic motion perception. With the numerous amounts
of cones it is not surprising that the cone to rod density in the chicken retina is 6:1 while
in humans there are approximately 20 times more rods than cones70. Even with these
anatomical differences, the chicken can still be used a model due to the high level of gene
conservation between the chicken and human genomes71. Due to the level of conservation
among vertebrates, insights into epigenetic regulation of gene expression in the chicken
retina can be used to guide further studies with human retinal tissue. Ultimately these
studies will contribute to the development of therapies for retinal disease.
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METHODS
I. Computational Methods (Bioinformatics)
a. RNA-sequencing mRNA Transcriptome Analysis
Transcriptome analysis was conducted on data published previously72. Full data
and methods of RNA-seq experiment are provided in Langouet-Astrie et al72. Briefly,
total RNA was extracted from E8 retina, E16 retina, E18 retina, and E18 cornea in
duplicate using a Qiagen AllPrep Mini Kit with an on column DNAse I treatment step per
manufacturer’s instructions. Quality of nucleic acids were assessed using UV
spectrophotometry. RNAs with an OD260/280 ratio of 1.9-2.1 were submitted for
Bioanalyzer quality control analysis (Agilent) at the Cold Spring Harbor Laboratory
DNA Sequencing Center. All samples with an RNA integrity number (RIN) > 8 were
submitted for sequencing. Stranded TrueSeq libraries with poly dT enrichment were
prepared from total RNA from each of the eight samples according to the manufacturer's
protocol. Sequencing was completed with the Illumina NextSeq 500 at the Cold Spring
Harbor Laboratory DNA Sequencing Center.
For quality control and analysis of RNA-Seq files, FASTQ files stored in the
CyVerse Data Store were uploaded to the DNA Subway Green Line. The FastX Toolkit,
also provided through the Green Line, allows the user to check sequencing quality using
the FastQC software. FastQC provided per base sequence quality analysis which plots the
Phred quality score distribution on the y axis for each read generated per sample for each
nucleotide base call plotted on the x axis. Results are provided after low quality reads are
trimmed off.
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The Tuxedo Protocol73 was then used for read alignment to reference genome and
differential gene expression analysis. Briefly, TopHat was used to align individual RNASeq reads to the G. gallus (galGal5) reference genome. “No novel junctions” was
selected for each TopHat run. As discovery of new transcripts was not desired, CuffLinks
and Cuffmerge were skipped. After TopHat analysis, using CuffDiff, alignment files
were compared to find differential gene expression. Output files were saved on the
CyVerse Data Store. Output files, which listed differentially expressed genes (DEGs)
between four different tissues (E8 retina, E16 retina, E18 retina, E18 cornea) were
filtered for biologically and statistically significant genes (fold change ≥ 2 and q-value <
0.05). RNA-seq reads were visualized in the UCSC Genome Browser as density graphs,
In which the height of the bar is proportional to the reads mapped to the genomic
location. These data were visualized using the CummeRbund package in R (version
3.3.2).
b. Whole Genome Bisulfite Sequencing Analysis
Methylation analysis was conducted on data published previously74. Full data and
methods of WGBS experiment are provided in Lee et al74. Briefly, total DNA from E8
retina, E18 retina, E18 cornea and E18 brain in triplicate was extracted using a Qiagen
AllPrep Mini Kit per manufacturer’s instructions. Quality of nucleic acids were assessed
using UV spectrophotometry. DNAs with an OD 260/280 ratio between 1.75 and 1.85
were sent for sequencing. After bisulfite conversion with EZ DNA MethylationLightning Kit (Zymo, Irvine, CA), libraries were sequenced using the Illumina HiSeq
2500 at the Johns Hopkins School of Medicine Genetic Resource Core Facility. Quality
of sequencing files was checked using FastQC. Trim Galore! was used to remove low
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quality read ends. Bismark was used for read alignment to the galGal5 assembly and the
R package bsseq was used to find differentially methylated regions. As the sequencing
data produced lower coverage than expected, Bsseq used a local-likelihood smoothing
method to produce more precise methylation levels75. Output files of this analysis
included differentially methylated regions (DMRs) between four different tissues (E8
retina, E18 retina, E18 cornea, and E18 brain). Whole genome methylation was
visualized using the ggplot package in R (version 3.3.2).
c. Intersection between DEGs and DMRs
To find where differentially methylated regions (DMRs) overlapped with
differentially methylated genes (DEGs), the Ensembl Biomart76 and UCSC Table
Browser77 tools were utilized. Briefly, biologically and statistically significant genes
((fold change ≥ 2 and q-value < 0.05) were pasted into Biomart to retrieve genomic
coordinates (chromosome number, start and stop location, and strand) of the genes. Either
1KB or 5kb was subtracted from the start coordinate of top strand genes and 1kb or 5kb
was added to the stop coordinate of the bottom strand genes. Once this information was
converted to BED format, the gene list and locations were used to make multiple custom
track in the UCSC Genome Browser. The complete set of custom tracks can be found at
this link (https://genome.ucsc.edu/cgibin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=rasou2ba&hgS_otherUs
erSessionName=Complete%20Intersection%20Analysis). Using the UCSC Table
Browser tool, DMR custom tracks were intersected with DEG custom tracks. The Table
Browser produces a list of genes in the DEG custom track that intersect a DMR within
the gene, 1kb upstream the transcriptional start site (TSS) of a gene, or 5kb upstream the
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TSS of a gene. These three lists of genes were again inputted into the BioMart for gene
ontology (GO) analysis. BioMart outputs the gene names along with their GO term name.
GO term names were filtered for “retina”, “phototransduction”, and “photoreceptor”, and
“notch” terms.
II. Experimental Methods
a. Embryos
All embryo experiments were conducted with the approval of the James Madison
University Institutional Animal Care and Use Committee and in accordance with the
National Institutes of Health guide for the care and use of laboratory animals. Fertilized
pathogen free commercial Cobb/Hubbard F1 hybrid eggs were obtained from George’s
Hatchery (Harrisonburg, VA) and incubated in a rocking chamber held at 38°C and 50–
60% humidity until specified incubation days.
b. Tissue Processing, Imaging, and Histology
At specified days, chicken embryos were decapitated, and eyes were enucleated.
Whole embryos and eyes were imaged using an iPhone6 camera (Apple) and a Stemi SV
6 stereo microscope (Zeiss) equipped with 18.2 Color Mosaic (SPOT) camera,
respectively. Enucleated eyes were placed in 37°C HBSS modified media (HBSS -Ca,Mg;HyClone) to help dissociate the retina from surrounding tissues. For cornea
dissection, eyecups were prepared by piercing and cutting around the limbus to dissect
away the anterior segment, lens, and vitreous. For retina dissection, the eye was cut along
its hemisphere and the vitreous was removed. The retina was then gently peeled off the
posterior RPE layer. For brain dissection, the embryo beak and feathers on the head were
cut away to expose the skull. The skull was then cut and a lobe of brain tissue was
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removed. Isolated tissues were rinsed in HBSS modified media, immediately transferred
to RLT Plus lysis buffer (Qiagen; AllPrep Kit) containing 2-Mercaptoethanol (Sigma)
and vortexed. Isolated cornea were dried with a Kimwipe and crushed using a cooled
mortar and pestle before transfer to RLT Plus/βME lysis buffer solution. All tissue was
stored in -80°C until further use.
Histology was performed as described previously72. Eyecups were fixed in 4%
paraformaldahyde in 1 × PBS for 25 min on ice and then equilibrated for 2–24 hours in
25% sucrose in 1 × PBS. Equilibrated eyecups were transferred into a 2:1 mixture of 25%
sucrose:OCT compound (Electron Microscopy Sciences) on ice for 30 min and then flash
frozen in the same solution in a Tissue-Tek Cryomold (Sakura Finetek) and stored at −80
°C. 10μm thick frozen serial sections were prepared using a CM3050 S Research
Cryostat (Leica) with the object and chamber temperatures set to −22 °C and −28 °C
respectively. Frozen sections were thawed, H&E stained, and imaged using an
EclipseTE2000 inverted microscope (Nikon) and processed with NIS Elements software
(Nikon).
c. Nucleic Acid Extraction
Genomic DNA and total RNA were extracted using the Qiagen AllPrep Kit per
manufacturer’s instructions. Briefly, tissue in lysis buffer was thawed, vortexed, and
transferred to a Qiagen Qiashredder column. Flowthrough was transferred to a AllPrep
DNA column for DNA isolation, washing and elution. Initial flowthrough of the DNA
column was transferred to a RNeasy column for DNase treatment, washing and elution.
Nucleic acid purity and quantity were determined using a Synergy H1 spectrophotometer.
All nucleic acids were stored in -80°C until further use.
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d. DNA Methylation Analysis (Bisulfite Pyrosequencing)
Using a EZ DNA MethylGold kit (Zymo, Irvine, CA), 200ng of genomic DNA
underwent bisulfite conversion (BS) per manufacturer’s instructions. The kit uses sodium
bisulfite to change an unmethylated cytosine bases to a uracil base while methylated
cytosines are unaffected. The BS-DNA was used for 30µL BS-PCR reactions with
methylation specific primers (Table B1) and JumpStart Taq polymerase ReadyMix
(Sigma-Aldrich, St. Louis, MO) at optimized annealing temperatures for 44cycles on a
Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA) (Figure B1). 5′
biotinylated PCR primers were designed to the 5′ regulatory regions of the target genes
using PyroMark Assay Design 2.0 software (Qiagen, Hilden, Germany). Biotinylated
PCR products were denatured and served as a template in a pyrosequencing reaction
using the PyroMark Q24 Vacuum Prep Tool (Qiagen) per the manufacturer’s
instructions. A sequencing primer (0.3 μM final) was annealed to the single-stranded
biotinylated strand and sequenced using a Qiagen Q24 Pyrosequencing system per
manufacturer’s instructions. Percent methylation at designated CpG dinucleotide was
analyzed using PyroMark Q25 software (version 2.0). Percent methylation at each CpG
location is an average of four replicates. Statistical significance was determined using
Kruskal-Wallis Rank Sum Test and post-hoc tests were completed using the Wilcoxon
Rank Sum Test. Significance was determined by a p-value less than 0.05.
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RESULTS
I. Development of the Chicken Retina
In this study, the chicken retina is used as model to study the complex epigenetic
processes associated with the development of the vertebrate retina. At early stages of
development, the chicken eyes are large but retinal neurons are not yet differentiated. The
E8 retina is primarily composed of multipotent precursor cells (Figure 4a-c). Ten days
later, the anatomical structures of the eye are visible (Figure 4e) and neuronal precursor
cells have matured into the six classes of specialized retinal cells found in the outer
nuclear layer (ONL), INL (inner nuclear layer), and GCL (ganglion cell layer)64 (Figure
4f). These chicken developmental stages allow for study of early and late retina
organogenesis72 and characterization of epigenetic regulation during development.

Figure 4. Overview of the chicken embryo, eye, and retinal development. Image of embryonic day 8
(E8) and E18 embryos (a, d), eyes (b, e) and H+E stained retinal cross sections (c, f). Cross section
abbreviations: Retinal Pigmented Epithelium (RPE), Outer Nuclear Layer (ONL), Inner Nuclear Layer
(INL), and Ganglion Cell Layer (GCL).
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II. Global DNA Methylation Analysis of the Developing Chicken Retina, Brain, and
Cornea
Whole genome bisulfite sequencing (WGBS) analysis was utilized to study
differential methylation during retinal development as well as between mature retina,
brain, and cornea tissues. Genomic DNA from E8 and E18 retina, E18 cornea, and E18
brain was extracted, treated with sodium bisulfite and sequenced using the Illumina
HiSeq 2500 sequencing platform. Sequence read quality was verified using FastQC
analysis74 (Figure 5a). High quality sequence reads were aligned to the UCSC Gallus
gallus reference genome (galGal5), yielding 65-80% uniquely aligned reads (Figure 5b).
Principal component analysis and hierarchical clustering analysis were used to test the
reproducibility of the methylation data. Each triplicate group grouped into distinct
clusters (Figure 5c). Hierarchical clustering was done using Pearson correlations. Similar
samples show higher correlation values indicated by the darker color in the distance
matrix (Figure 5d).
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Figure 5. WGBS experimental overview and quality assessment of read mapping and sample
variance. (a) Flowchart of the WGBS experiment and data analysis. (b) Total number of raw reads
compared to number of mapped reads listed per sample. (c) Principal Component Analysis (PCA) Biplot of
samples. Largest source of variation is tissue type, as represented by both PC1 and PC2. (d) Hierarchical
clustering analyses performed using LOESS smoothed WGBS-seq data. Color code refers to the distance
metric used for clustering with white being the lowest correlation value and black being the largest
correlation value.

A customized bioinformatics pipeline was applied to WGBS data in order to
generate average density plots of global DNA methylation in each sample group as well
as differentially methylated regions (DMRs) between sample groups using the bsseq R
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package (Figure 5a). Local-likelihood smoothing with BSmooth was performed to
improve precision of methylation frequencies75. BSmooth uses individual cytosine sites
in the chicken genome to reinforce each other, allowing for determination of regional
differences in DNA methylation between the four samples (E8 Retina, E18 Retina, E18
Cornea, and E18 Brain). Data output from WGBS analysis includes a table of DMR
genome coordinates ranked by p-value. Differential methylation analysis between E8
retina and E18 retina yielded 92,356 total DMRs with 34,155 being hypermethylated and
58,381 being hypomethylated in E8 retina relative to E18 retina (Table A2).

Figure 6. Average global DNA methylation of a 20 Kb region proximal to transcriptional start sites (TSS)
of protein coding genes in the chicken genome. Distance from the TSS is indicated in base pairs on the xaxis.

In eukaryotic genomes, DNA methylation patterns are typified by
hypomethylation proximal to the transcriptional start site (TSS) of protein coding genes.
Inversely, hypermethylation is observed in gene bodies and intergenic regions. This
pattern is thought to be critical for limiting initiation of transcription to specific TSSs
rather than generating numerous spurious transcripts at a given locus78. Examination of
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global DNA methylation in chicken retina, brain, and cornea tissues demonstrates a
similar pattern as observed in other eukaryotic genomes with a tendency for
hypermethylation of regions within 10 kb of genes with a sharp decrease proximal to
TSSs (Figure 6). Interestingly, neuronal tissues on average have an increased level of
global DNA methylation compared to the E18 cornea (Figure 6).
Hypomethylated TSS regions are usually associated with actively transcribing
downstream genes. Housekeeping genes provide an abundant example of genes with
hypomethylated promoters and high mRNA expression79. This pattern is typified in
epigenetically important genes expressed in all tissues. HDAC2 encodes a protein of the
histone deacetylase family that is responsible for deacetylation of lysine residues on core
histones. This protein plays a role in transcriptional regulation, cell cycle progression and
development80. PRMT3 encodes the Protein Arginine Methyltransferase 3 that catalyzes
asymmetric demethylation of arginine residues on various proteins including a histone
peptide that is associated with increase transcription of some genes81. HDAC2 and
PRTM3B are both actively transcribed throughout retinal development as well as in the
E18 brain and cornea (Figure 7a,b). The entire HDAC2 and PRTM3B loci are
hypermethylated except for sharply defined regions surrounding the TSS (Figure 7a,b).
DNA methylation patterns at these loci typify those observed at most protein coding
genes in the chicken genome (Figure 6).
In addition to managing proper transcriptional initiation sites, DNA methylation is
known to play an important role in regulating a subset of tissue-specific and
developmental-specific patterns of gene expression82,83. Methylation patterns at these loci
deviate from those of housekeeping genes demonstrating variable methylation and
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transcription between tissues and retinal developmental time points. These differential
methylation regions (DMRs) are exemplified at photoreceptor-specific loci such as
Retinol Binding Protein 3 (RBP3) and Facin Actin-bundling Protein 2 (FSCN2). RBP3
and FSCN2 are genes highly expressed in rod and cone photoreceptor neurons present in
the mature retina relative to the early retina (Figure 7c,d). These loci also demonstrate
differential methylation in the 5’ regulatory regions between sample groups. We
hypothesize that differential methylation may be a common mechanism for regulating
transcription of photoreceptor-specific genes throughout the developmental process of the
chicken retina.
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Figure 7. Multiple relationships between DNA methylation and gene expression in the genome. The
top panel of each part represent the LOESS smoothed methylation of each tissue in the specified locus. The
bottom panel are density plots of BAM files as shown in the UCSC Genome Browser. The gene of interest
is highlighted in pink. (a) HDAC2 (b) PRMT3 (c) RBP3 (d) FSCN2.

III. Differential Methylation of Photoreceptor-specific Genes
Visual perception begins with absorption of light photons by the highly
specialized outer segment structure of photoreceptor neurons in the retina. Many retinal
disorders are caused by malfunctions or malformation of the photoreceptors (Table 1). In
the chicken retina, photoreceptor development begins as early as E1064. However,
regulation of genes that characterize photoreceptors is not yet well defined. To further
characterize epigenetic regulation of genes critical for photoreceptor function, we focused
on studying gene-specific methylation of candidate photoreceptor-specific genes (Table
1). In the developing chicken retina, these genes demonstrate developmental and tissuespecific patterns of mRNA expression (Figure 8). Histology of the retina shows the
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increasing complexity and dramatic changes that occur at a very short time span. At E10,
histology shows the retina to be consistent of one type of multipotent precursor cell type.
Two days later, defined ONL and INL are distinguishable. By E16 a faint pink layer
above the ONL becomes visible representing the photoreceptor outer segments (OS)
between the ONL and RPE. The OS is the site of phototransduction and is clearly visible
in E18 and E20 retina (Figure 9). The development of the outer segment correlates with
increased mRNA expression of photoreceptor genes in E16 retina and the maintenance of
those high levels in the E18 retina (Figure 8). We hypothesized that observed
morphological development of the ONL and photoreceptors OS, as well as the induction
of photoreceptor-specific mRNA expression, are correlated with reduced levels of DNA
methylation during the development process. To thoroughly analyze temporal changes in
DNA methylation in the developing chicken retina, genomic DNA extracted from
embryo retina every two days between E6 through E20 was assayed using quantitative
gene-specific bisulfite pyrosequencing (Figure 9). Bisulfite PCR and pyrosequencing
primers designed to assay CpG cytosines around the TSS of candidate genes are shown in
Table 2.
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Table 1. Protein function and associated retinal diseases of candidate genes.
Gene
Protein Function
Associated Retinal
Name
Disease
Retinitis Pigmentosa
ARR3
Binds to cone photoreceptor opsins to arrest photosignaling.
FSCN2

Role in photoreceptor disk morphogenesis.

GNAT1

Rod photoreceptor transducin, which stimulates the coupling
of rhodopsin and cGMP-phosphodiesterase during visual
impulses.
Deacetylation of lysine residues at the N-terminal of core
histones.
Establishes proper morphology and synaptic connections in
cone photoreceptors
Subunit of phosphodiesterase, which converts cGMP to CMP
during phototransduction in rod photoreceptors.
Subunit of phosphodiesterase, which converts cGMP to CMP
during phototransduction in cone photoreceptors.
Found on outer segment of photoreceptors. May function as
adhesion molecule.
Recycles retinol (chromophore) in photoreceptor neurons.

HDAC2
LRIT1
PDE6B
PDE6C
PRPH2
RBP3
RHO

Activates transducin during phototransduction in rod
photoreceptors.

Leber Congenital Amaurosis
Retinitis Pigmentosa
Macular degeneration
Night Blindness

None Known
Retinitis Pigmentosa-40
Nigh Blindness
Cone Dystrophy 4
Achromatopsia 5
Retinitis Pigmentosa
Macular Dystrophy
Retinitis Pigmentosa
Retinitis Pigmentosa-40
Nigh Blindness

Figure 8. Expression of Select Photoreceptor-specific Genes During Retinal Developmental. The
expression of each of the genes is shown three stages of retinal development as well as a non-retinal
corneal tissue control. The lines between samples do not indicate any relation. FPKM= Fragments Per
Kilobase of transcript per Million mapped reads. The FPKM values are log10 transformed. The +1 is added
to avoid infinity values after transformation.
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Figure 9. Overview of the chicken embryo and retinal development. Image of embryonic day 8 (E8)
through E20 embryos (a, h) and H+E stained retinal cross sections (i, p). Cross section abbreviations:
Retinal Pigmented Epithelium (RPE), Outer Nuclear Layer (ONL), Inner Nuclear Layer (INL), and
Ganglion Cell Layer (GCL). Histology was provided by Jeremy Bravo, Enke Lab.
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Table 2. Chicken (G. gallus) PCR and Bisulfite Sequencing primers. In the name of the primer,
F#, R#, and Seq# signify the forward, reverse, and sequencing primer respectively. “Bio” signifies
the biotinylated primer.
Lab
Primer #
G38

Primer Name

Primer Sequence (5’--3’)

gARR3-F1

GGTGAGTAGGTGGTAGTAGG

G39

gARR33-R1-bio

CTCCTTCCAACCTCCACTAC

G40

gARR3-seq1

TAGGAGAGGAAGAGG

910

gFSCN2-F1

GGGATTTATTAGGTTTTGAAGATTT

911

gFSCN2-R1-bio

TCCTACTCCAACCTCCATATCTACTTAC

912

gFSCN2-seq1

ATTTATTAGGTTTTGAAGATTTAG

931

gGNAT1-F2

ATGGGTGTAGGGGTTAGT

932

gGNAT1-R2-bio

ACTATACCCACCTACCCAACAA

933

gGNAT1-seq2

TGTAGGGGTTAGTGT

922

gHDAC2-F1

TGTGTGTGGAGGGTGTTT

923

gHDAC2-R1-bio

CCCTCTTATCCCTTACTATATTACTT

924

gHDAC2-seq1

GGGTGTTTAGTTTGGTAGT

886

gLRIT1-F1

GGAGTTTGGGGTTTTTGGAG

887

gLRIT1-R1-bio

ACCATTAACTAATCACATCTTATTAACTC

888

gLRIT1-seq1

GTTTATTTTTTTTTATTTGATGGAT

G26

gPDE6B-F1

AGTGAAAGGAAGTGTTTTAAGATAT

G27

gPDE6B-R1-bio

TTCTAAAACAACCTAAAATATTATACCACTACA

G28

gPDE6B-seq1

GGTTGAGAAGATTTGTTTTTTTAT

G29

gPDE6C-F1

TGGATTAAATTGATTGAGGTGTAGA

G30

gPDE6C-R1-bio

AATCTATAACATTCTATTTTTCTCCCTTTAA

G31

gPDE6C-seq1

AGAAATTTTATTTAGATATTTAGT

907

gPRPH2-F1

TGGGGAGTTTAAGATGGAGG

908

gPRPH2-R1-bio

CTTTTACAACCTAAACCCCTCTT

909

gPRPH2-seq1

GTTTAAGATGGAGGGA

G7

gRBP3-F2-bio

ATTTATTGGTGTATTTTGGATGATGTA

G8

gRBP3-R2

AAATTTCCTCAACAAATATACTACACAC

G9

gRBP3-seq2

CTTATCTATCAAAATAATCATAACT

G1

gRHO-F1

GGTTTTTAATAATGATAGTGTGGGTTAGA

G2

gRHO-R1-bio

TCCCTTATAAAATACCCCCTACAATAAAC

G3

gRHO-seq1

GATTATGATTAATAATTTTTTAAGT

Amplicon
size (bp)

Annealing
Temp (°C)

121

58

140

58

121

56

105

56

197

58

218

58

227

58

129

58

280

58

160

58

Several photoreceptor-specific genes showed differential methylation patterns
during development. As expected, low methylation was observed in the housekeeping
gene HDAC2, ~230bp upstream the TSS. This is consistent with methylation levels seen
around the TSS in Figure 7a. There were no statistically significant differences between
DNA methylation levels when comparing stages (Table D1) and this gene is expressed at
relatively high levels in both E8 and E18 retina (Figure 10a). In contract, a number of
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genes critical for photoreceptor function had a significantly lower methylation in the E18
retina compared to the E8 retina and were more highly expressed in the E18 retina.
LRIT1, FSCN2 and the phototransduction gene RBP3 had similar patterns of decreasing
methylation through development (Figure 10). A locus ~80bp downstream the TSS of
FSCN2 showed a decrease in DNA methylation from an average of 74.5±12.3%
methylated in E8 retina to 53.1±10.2% methylated in E18 retina (p= 4.3e-10).
Methylation levels were approximately as low in the E18 cornea (42.4±11.7%) though
much higher in the brain (81.2±12.1%) (Figure 10b). The onset of the steady decrease in
DNA methylation near the FSCN2 TSS coincides with the first visible appearance of a
defined ONL photoreceptor layer in the developing chicken retina at the E10-E12
transition (Figure 9k,i) and is inversely correlated with increased FSCN2 mRNA
expression observed between E8 and E16 retina (Figure 8). The LRIT1 and RBP3 loci
share similar temporal reduction of DNA methylation and subsequent increased mRNA
expression to FSCN2 (Figure 10c,d). ~100bp upstream of the LRIT1 gene had a much
more dramatic decrease in methylation during the E8 to E10 transition. Methylation was
reduced from 58.5±6.87% at E8 to 37.3±4.49% in E10 (p=7.8e-9). Low DNA
methylation persisted through development. From E8 to E18, methylation dropped about
30% down to 30.4±2.91% (p=7.8e-09). E18 cornea was also lowly methylated at
38.2±4.97% whereas it was much higher in the E18 brain (64.4±7.85%) (Figure 10c).
The RBP3 gene showed a pattern similar to LRIT1, in which there was a dramatic
decrease in methylation at E10 and then a leveling off afterwards. Methylation was at
55.5±13.9 in E8 retina and decreased to 38.4±11.5 in the E10 retina and to 33.6±7.30% in
the E18 retina. The decrease from E8 to E18 was determined to be statistically significant
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(p=2.3e-3). Similar to other loci, the cornea and brain had high levels of methylation but
unlike other loci studied, methylation was the highest in the cornea compared to the
retina (p=9.3e-6) or brain (p=2.0e-2) in RBP3 (Figure 10d).
Two other photoreceptor-specific genes studied, PRPH2 and RHO also
demonstrated a developmentally-regulated decrease in DNA methylation, however, their
patterns were distinct from FSCN2, LRIT1, and RBP3 (see Table D4 and Table D6 for pvalues). ~160bp downstream the TSS of the PRPH2 gene, DNA methylation was high
through most of development, then decreased from 81.9±6.52% in E16 to 72.0±6.97% in
E18 (p=4.9e-4). This lower level of methylation was maintained in the E20 retina. High
levels of methylation were also observed in the cornea and brain tissues (Figure 10e).
Even with this slight (yet still significant) decrease, there is a dramatic difference in
mRNA expression between E8 and E16 retina (Figure 8). RHO, similar to PRPH2, had
an overall decrease in methylation from 57.9±19.9 in E8 to 41.4±13.7 in E18 retina.
However, this difference did not show to be as significant (p=3.9e-2) as the differences
seen in other loci. As with other loci studied, methylation levels were high in the cornea
and brain though only significantly different between retina and brain (p=1.3e-4) (Figure
10f). The onset of demethylation near the PRPH2 and RHO TSSs coincides with the first
visible appearance of a defined outer segment in the photoreceptor layer in the
developing chicken retina at the E16-E18 transition (Figure 9n,o)
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Figure 10. Correlation between Gene Expression and DNA Methylation During Development. Each
plot represents RNA-seq and bisulfite pyrosequencing data for some of the genes listed in Table 2. The top
portion of the plots is a USCS density graph of the mRNA expression of the gene in E8 retina and in E18
retina. The gene is drawn with exons as rectangles and arrows depicting the introns and direction of
transcription. The blue highlight in the USCS density plots show the region analyzed for DNA methylation.
The expansion of the highlight shows methylation levels in E6-E20 retina, E18 cornea and E18 brain at
multiple CpG sites. Distances upstream the TSS are denoted by the (-) sign whereas distances downstream
the TSS are denoted by the (+) sign. The dot plots give the average methylation at each time point. (a)
HDAC2 (b) FSCN2 (c) LRIT1 (d) RBP3 (e) PRPH2 (f) RHO. Significant differences between time points is
determined by a Wilcoxon rank sum test. *p<0.05; **p<0.01, ***p<0.001. HDAC2 was not analyzed at all
the time points and so data for only E8 retina, E18 retina, and E18 cornea is presented.

Several photoreceptor-specific candidate genes expressed in the E18 retina
(ARR3, PDE6C, PDE6B, GNAT1) showed no significant demethylation at regions
assayed. ARR3 and PDE6C both function in cone photoreceptor neurons whereas PDE6B
and GNAT1 function in rods photoreceptor neurons (Table 1). All four of these genes
have low mRNA expression in the E8 retina relative to the E16 retina. These genes,
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however, are not expressed in the E18 cornea (Figure 11a). The two cone photoreceptor
genes ARR3 and PDE6C have high methylation levels through all stages of development
that range from 57.6±10.4% in E20 retina to 69.8±13.1% in E14 retina ~70bp
downstream the TSS of ARR3 (Figure 11b) and 51.9±9.37% in E20 retina to 63.1±12.2%
in E12 retina for a locus ~370bp upstream the TSS of PDE6C (Figure 11c). The rod
photoreceptor gene, GNAT1, also had high methylation levels ranging from 57.9±9.32%
in E12 retina to 62.0±11.1% in the E20 retina (Figure 11e). PDE6B, had slightly lower
methylation with the lowest recorded in E18 retina (41.8±20.9%) and the highest
recorded in E14 retina (48.5±17.8%) (Figure 11d). None of these genes had significant
differential methylation between the studies stages. Although all showed very high levels
of methylation in cornea and brain, GNAT1 had significantly lower levels. ~170bp
downstream the GNAT1 TSS, DNA methylation in the E18 retina was 59.1±10.1% but
decreased to 40.8±5.99% in the E18 cornea (p=8.9e0=-5). In the E18 brain it decreased to
54.2±8.52%, though these changes did not meet our threshold for statistical significance
(Figure 11e).
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d
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e

Figure 11. (a) Expression of Select Photoreceptor-specific Genes During Retinal Developmental. The
expression of each of the genes is shown three stages of retinal development as well as a non-retinal
corneal tissue control. The lines between samples do not indicate any relation. FPKM= Fragments Per
Kilobase of transcript per Million mapped reads. The FPKM values are log10 transformed. The +1 is added
to avoid infinity values after transformation. (b-e) Correlation between Gene Expression and DNA
Methylation During Development. Each plot represents RNA-seq and bisulfite pyrosequencing data for
some of the genes listed in Table 2. The top portion of the plots is a USCS density graph of the mRNA
expression of the gene in E8 retina and in E18 retina. The gene is drawn with exons as rectangles and
arrows depicting the introns and direction of transcription. The blue highlight in the USCS density plots
show the region analyzed for DNA methylation. The expansion of the highlight shows methylation levels
in E6-E20 retina, E18 cornea and E18 brain at multiple CpG sites. Distances upstream the TSS are denoted
by the (-) sign whereas distances downstream the TSS are denoted by the (+) sign. The dot plots give the
average methylation at each time point. (b) ARR3 (c) PDE6B (d) PDE6C (e) GNAT1. Significant
differences are shown in Table D4 and Table D6.

IV. Using WGBS to detect novel DMRs around Candidate Genes
Initial target regions analyzed around the TSS of the photoreceptor-specific genes
ARR3, PDE6B, PDE6C, and GNAT1 did not show significant differences in DNA
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methylation during development despite differential mRNA expression between the E8
and E18 retinal time points (Figure 11). We surmised that WGBS DNA methylation
density plots would be useful for analyzing alternative regions surrounding the TSSs of
these genes for retinal development-specific DMRs. Analysis of WGBS methylation
density plots indicates that upstream regions ~1000bp from the TSS of the ARR3 and
PDE6C genes are hypomethylated in the E18 retina compared to E8 retina (Figure 12ab). These results suggest potential for more distal regulatory sequences located further
upstream than other photoreceptor genes analyzed in this study. Similar analysis around
the TSS of the PDE6B and GNAT1 genes did not identify proximal or distal upstream
DMRs, however, both of these loci demonstrate hypomethylation E18 retina DMRs in
downstream gene body positions (Figure 12c,d). Although these regions are far from the
presumed proximal promoter regions surrounding the TSS, research has indicated that
exonic and intronic gene body regions often contain critical gene regulatory sequences84.
Therefore, further analysis of these novel DMR regions may reveal new insight into
complex gene regulation in vertebrate photoreceptor-specific genes.
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b

51

c
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Figure 12. Potential Regions with Differential Methylation. The top panel of each part represent the
LOESS smoothed methylation of each tissue in the specified locus. The bottom panel are density plots
depicting RNA-seq data as shown in the UCSC Genome Browser. The gene of interest is highlighted in
pink. Regions of future studies are highlighted in blue. (a) ARR2 (b) PDE6C (c) PDE6B (d) GNAT1.
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To identify additional DMR loci in which DNA methylation is inversely
correlated with mRNA expression during retinal development, DMRs and differentially
expressed genes (data from Langouet-Astrie et al72) were intersected using the UCSC
Genome Browser tools. The intersect analysis was conducted between E8 retina and E18
retina DMRs and differentially expressed genes (DEGS). When these DMRs and DEGs
were intersected, 41.5% of the DEGs contained at least one E18 retina hypomethylated
DMR within the gene body. A much lower number of DEGs (8.4% of the DEGs)
contained at least one E18 retina hypomethylated DMR within 5kb upstream the TSS
(Figure 13). Further intersection data between all combinations of sample groups is
provided in Appendix A. The intersect analysis provided a large list of genes (2,343) that
contained E18 retina hypomethylated regions as potential targets for further analysis of
epigenetic regulation. Gene ontology analysis of these genes produced a much smaller
number of genes associated with retinal function. Two genes had E18 retina
hypomethylated regions upstream of the gene. AKR1B10 and MAK are both associated
with the retina and photoreceptor function (Table 3). AKR1B10 functions in the
enzymatic conversion of retinal to retinol85 and MAK is critical for the maintenance of
photoreceptors86. Further gene ontology analysis is provided in Figure A2.

Figure 13. Number of protein coding genes with E8 retina hypermethylated DMRs intersecting the
gene body, 1kb and 5kb upstream the transcriptional start site (TSS).
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Table 3. Gene Ontology Analysis of E8 retina v E18 retina DEGs with proximal DMRs. Genes listed here
are all under expressed and have hypermethylated regions in the E8 retina compared to the E18 retina. A
superscript is added to genes that contain more than one gene ontology term. r = retina, phr = photoreceptor, pht
= phototransduction
Retina
AKR1B10
B2M
CALB1
CDH1
CELF4
DSCAML1r, phr
DSCAM
EGF
ENSGALG00000028138r, phr
EPHA7
OPN5r, phr
PDE6Br, phr
RLBP1

Photoreceptor
ABCA4
AIPL1phr, pht
C2orf71
CDHR1
CNGA1
DSCAML1r, phr,
ENO2
ENSGALG00000028138r, phr
MAK
OPN3phr, pht
OPN5L2
OPN5r, phr
PDE6Br, phr
SAGp
SPTBN5
TTC8

Phototransduction
AIPL1phr, pht
OPN3phr, pht

Analysis of WGBS global DNA methylation data in addition to mRNA-seq
transcriptome analysis has made it possible to identify DMRs in the chicken retina
genome that are significant for retinal development and function. The focus of this
research has demonstrated loci in which DNA methylation is inversely correlated with
mRNA expression of proximal loci. Though this epigenetic relationship was identified in
many of genes studied here (Table B1) and is well characterized in the literature, DNA
methylation is known to serve diverse functionalities in cells. Our WGBS-RNA-seq
intersect analysis identified a number of photoreceptor-specific genes in which DNA
methylation is associated with increased levels of mRNA expression in the developed
retina (Figure 10b-f). At other loci our analysis revealed that DNA methylation was
maintained at high levels even as the expression of the genes increased (Figure 11b-e).
These contrasting patterns indicate a need to continue comprehensive studies of
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epigenetic regulation of gene expression. Further studies will focus on gene-specific
developmental analysis of DMRs identified from WGBS methylation density plots
(Figure 12). In addition, intersect and gene ontology analysis has provided candidate
genes associated with the retina that are potentially regulated by DNA methylation for
further analysis. These studies of retina-specific and photoreceptor-specific genes will
provide a deeper and more comprehensive understanding of the role of DNA methylation
in regulating genes during development of the vertebrate retina.

55

DISCUSSION
There is limited knowledge about epigenetic regulation during retinal
development and the role of DNA methylation in regulating expression of genes vital to
retinal function. Studies have emerged identifying tissue-specific DNA methylation
patterns thought to be established during vertebrate development82,83. Also, previous DNA
methyltransferase knockout experiments in murine and other vertebrate models
demonstrate abnormal retinal development, dysregulation of retina-specific patterns of
gene expression and retinal neuron degeneration, suggesting the importance of DNA
methylation in the developing retina49,87,88. One study of photoreceptor-specific genes in
human immortalized cell lines reported differential methylation around the TSS in
retinal-derived neuroblastoma cell lines compared to non-retinal-derived cell lines
indicating cell-specific patterns of DNA methylation50. Merbs et al. additionally
demonstrated tissue-specific patterns of DNA methylation between retina and non-retinal
murine tissues50. More recent data from our research group demonstrates a similar tissuespecificity of DNA methylation patterns in human retina and non-retinal post mortem
ocular tissues89. Collectively, these data establish a precedent for tissue-specific
patterning of DNA methylation in mammalian photoreceptor-specific genes but fall short
of characterizing the temporal aspects of how these genes undergo transformation from
densely methylated and transcriptionally silent in neuronal precursor cells to
demethylated and actively transcribed during retinal development. Here, we aim to
address this absence of knowledge in retinal development.
Using the developing chicken embryo as a model, we integrate whole DNA
methylome and mRNA transcriptome data to analyze a subset of genes critical for mature
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photoreceptor neuron function. To focus on the role of DNA methylation in regulating
mRNA expression of these genes during retinal development, we used a quantitative
gene-specific assay to analyze DNA methylation within 500bp of each transcriptional
start site (TSS). Furthermore, computational intersect analysis of WGBS and RNA-seq
data sets was employed to identify thousands of additional candidate genes whose
transcriptional regulation may be regulated by epigenetic DNA modification during
retinal development.
This study represents the first investigation of genome-wide DNA methylation
analysis in the chicken retina, brain and cornea. Methylome analysis in these tissues
demonstrate that nearly half of the CpG cytosines found within 10 kb of protein coding
genes are methylated. DNA methylation levels, however, sharply decrease near the TSS
of protein coding genes as observed in other chicken and vertebrate tissues (Figure 6,
7a,b) 90,91. Numerous other studies, reviewed in Vinson et al., have concluded that a
decrease in DNA methylation around the TSS is correlated with transcriptional
activation79. Previous studies of DNA methylation on 5’ gene regulatory sequences
showed that hypermethylated regions were typically correlated with decreased mRNA
expression of downstream genes28 and that these occurrences in the genome could be
effective in preventing binding of activating transcription factors to maintain
transcriptional silencing43,78.
Our methylome analysis of several retina-specific genes demonstrate non-typical
patterns of methylation surrounding the TSS. Although many genes, including those
presented in Figure 7a,b, show the sharp decrease near the TSS, photoreceptor-specific
genes show differential patterns of DNA methylation between samples in the 5’
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regulatory region indicating tissue-specific regulation. As the establishment of these
patterns have yet to be determined, we used temporal studies to determine the changes in
methylation during development that resulted in the observed differences between
tissues. We hypothesized that differential methylation may be a common mechanism for
regulating transcription of photoreceptor-specific genes throughout the developmental
process of the chicken retina. These data combined with previous observation in the
literature suggest that this mode of epigenetic regulation may be a conserved mechanism
for photoreceptor development in all vertebrate species.
Our initial DNA methylome analysis prompted us to further study a subset of
photoreceptor-specific genes (Table 1), in which we identified several distinct temporal
patterns of methylation correlated with increased mRNA expression during the
development of the chicken retina. FSCN2, LRIT1, and RBP3 were demethylated
relatively early in retinal development around E10 (Figure 7b-d). This demethylation
coincides with morphological changes in the retina from E10 to E12 as the three stratified
nuclear layers become clearly visible, including the first visible appearance of the ONL
photoreceptor nuclear layer (Figure 9k,l). PRPH2 and RHO also demonstrated
demethylation however, this was observed primarily after the E16 stage of development
(Figure 7e,f). These observations coincide with the development of the specialized
photoreceptor outer segment (Figure 9n,o). Our temporal analysis demonstrates that
although the photoreceptor-specific genes analyzed in this study share a general trend for
demethylation during development, this demethylation is differentially regulated during
retinogenesis. FSCN2, LRIT1, and RBP3 proteins are known to have various roles in
structural morphogenesis of photoreceptors. LRIT1 has very recently been determined to
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play an role in synaptic communication in cone photoreceptors92. PRPH2 and RHO
proteins are critical for the process of phototransduction in the outer segments of mature
photoreceptors (Table 1). We speculate that although these photoreceptor-specific
chicken genes are expressed at different times during retinal development, they may be
activated by the same transcription factors as they are in the murine and human retina89,93.
Our data suggest a mechanism for DNA methylation as a temporal regulator of
transcription factor binding and subsequent activation of photoreceptor-specific genes.
This epigenetic mode of regulation would allow developing photoreceptors to finely tune
transcriptional activation of genes critical for each step of development and mature
functionality. Further validation of this model will require analysis of differentially
methylated sequences for common transcription factor binding motifs as well as
biochemical analysis of transcription factor binding to methylated and demethylated
photoreceptor-specific regulatory elements in the chicken genome.

Though DNA methylation levels at the ARR3, PDE6B, PDE6C, GNAT1 loci are
high, gene-specific analyses did not detect significant demethylation in later
developmental time points. Cone specific genes (ARR3 and PDE6C) and rod specific
genes (GNAT1 and PDE6B) maintained high methylation levels through development
even though mRNA expression increased (Figure 11). One explanation for these
observations is that cell-specific patterns of DNA methylation in minority cell types
within the retina are not detected in DNA samples obtained from whole retina. Our
analysis does not separate photoreceptor neurons and therefore reports DNA methylation
levels of the entire chicken retina, which is a heterogeneous mix of six major classes of
retinal cells. The E18 chicken retina it is estimated to be composed of ~20% rod and
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~30% cone photoreceptors, respectively94. Therefore, subtle loss of methylation at these
rod and cone-specific loci may not be detectable using our current methodology. Future
experiments employing cellular enrichment methodologies such as laser capture
microdissection (LCM) would allow for specific collection and measurement of DNA
methylation in photoreceptor cells in the ONL in the absence of non-photoreceptor cell
types. A second plausible explanation for the lack of observed demethylation at these loci
is that the region assayed may not be critical for gene regulation. Our initial gene-specific
analysis focused on short regions immediately adjacent to the TSS of candidate genes.
WGBS analysis was used in conjunction with gene-specific analysis to identify adjacent
DMR regions at the ARR3, PDE6B, PDE6C, and GNAT1 loci to those regions initially
characterized (Figure 12). This analysis identified novel DMR regions at each locus for
future gene-specific analysis.
Using a candidate gene approach, we characterized detailed temporal changes in
DNA methylation in eight photoreceptor-specific genes during retinal development. The
data presented here leverages the developing chicken embryo as an effective model
system to establish that tissue-specific patterns of DNA methylation at photoreceptorspecific loci resemble those observed in murine50 and human89 cells. This indicates that
epigenetic regulation of photoreceptor-specific loci is a conserved vertebrate mechanism
that is not limited to the mammalian retina. Additionally, our data also establishes the
first demonstration of temporal demethylation of photoreceptor-specific genes in model
of developing retina from neuronal precursor cells. We also used RNA-seq and WGBS
genome-wide data sets to identify thousands of additional candidate genes potentially
regulated by DNA methylation during retinal development for future analysis (Figure 13;
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Table 3). Overall, this study provides novel insight into the role of DNA methylation in
vertebrate retinal development.
Future experiments will focus on determining the biochemical effect of observed
methylation patterns. For example, computational analysis of DMR sequences may
identify common transcription factor binding motifs yielding insight into the mechanisms
of epigenetic regulation at photoreceptor-specific loci. Increasing knowledge of
epigenetic regulation of retina-specific and photoreceptor-specific genes will not only
make strides in fields such as genetics of disease and the influence of the environment on
our epigenome but also in processes associated with cell-differentiation. Current medical
research is focused on using regenerative medicine in the treatment of retinal disorders
such as retinitis pigmentosa, cone-rod dystrophy, and age-related macular degeneration.
As reviewed by Shirai and Mandai, studies have shown that retina derived from human
embryonic stem cells can be transplanted into primates and results indicate that these
cells develop a functional ONL95. Another study, however, shows that integration of
photoreceptor transplants does not occur as commonly thought96. This demonstrates that
significant work is yet to be done to elucidate the characteristics of a photoreceptor cell
that are required for proper function in therapeutic cell replacement applications. This
work includes understanding the epigenetic regulation necessary for proper expression of
photoreceptor cells. Our study has taken the field closer to this goal by providing
valuable information on the role of DNA methylation in the expression of genes critical
for the phototransduction pathway during the development of the photoreceptor cells.
Further study will add more details to this analysis by finding other loci potentially
involved in the epigenetic mechanisms. Taken together, this information will be useful
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for understanding epigenetic switches necessary for retinal cell differentiation and
development.
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APPENDIX A: Summary and intersection of whole methylome and transcriptome data
Table A1. Comparison of up regulated and down regulated genes between samples.
Sample 2 refers to second sample in the comparison. (e.g. for the E8 Retina v. E16 Retina
comparison, E8 Retina is sample 1) DEGS = differentially expressed genes.

Upregulated in
Sample 2
Downregulated in
Sample 2
Total DEGs

E8 Retina v.
E16 Retina

E8 Retina v.
E18 Retina

E16 Retina v.
E18 Retina

E18 Retina v.
E18 Cornea

2,873

2,987

578

3,218

1,937

2,127

469

3,004

4,810

5,114

1,047

6,222

Table A2. Comparison of hypermethylated and hypomethylated regions between
samples. Sample 1 refers to first sample in the comparison. (e.g. for the E8 Retina v. E18
Retina comparison, E18 Retina is sample 1) DMRs = differentially methylated regions.

Hypermethylated
in Sample 1
Hypomethylated
in Sample 1
Total DMRs

E8 Retina v.
E18 Retina

E18 Cornea v.
E18 Retina

E18 Brain v.
E18 Retina

E18 Cornea v.
E18 Brain

34,155

27,297

31,410

32,554

58,381

35,076

44,039

32,587

92,356

62,373

75,449

65,141

a

b

Figure A1. Intersection of E8 retina v E18 retina DEGs and DMRs. (a) Number of genes with
E8 retina hypermethylated DMRs intersecting the gene body, 1kb and 5kb upstream the TSS. (b)
Number of genes with E8 retina hypomethylated DMRs intersecting the gene body, 1kb and 5kb
upstream the TSS.
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Figure A2. Gene Ontology Analysis of E8 retina v E18 retina DEGs with proximal DMR. Genes are
organized by whether they are overexpressed in the E18 or E8 retina and if they have an E8 or E18
hypermethylated DMR within the gene or 5kb upstream the gene. The gene ontology is provided in the
superscript. r = retina, phr = photoreceptor, pht = phototransduction, n = notch.
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a

b

Figure A3. Intersection of E18 cornea v E18 retina DEGs and DMRs. (a) Number of genes with E18
cornea hypermethylated DMRs intersecting the gene body, 1kb and 5kb upstream the TSS. (b) Number of
genes with E18 cornea hypomethylated DMRs intersecting the gene body, 1kb and 5kb upstream the TSS
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APPENDIX B: BS-PCR amplification and gel electrophoresis of candidate genes
Table B1. Bisulfite-PCR and sequencing primers. In the name of the primer, F#, R#, and Seq#
signify the forward, reverse, and sequencing primer respectively. “Bio” signifies the biotinylated
primer.
Lab
Primer #
G38

Primer Name

Primer Sequence (5’--3’)

gARR3-F1

GGTGAGTAGGTGGTAGTAGG

G39

gARR33-R1-bio

CTCCTTCCAACCTCCACTAC

G40

gARR3-seq1

TAGGAGAGGAAGAGG

895

gCCAR1-F1

GTTTTTTTAGGGGTTTTGTTTGGG

896

gCCAR1-R1-bio

AACTCCTTCCCTTTATCCCTTCT

897

gCCAR1-seq1

TTTTGTTTGGGTTTGGA

892

gDNMT3B-F1

TGTGTAGGTTAGAGGGGATGTAGTAG

893

gDNMT3B-R1-bio

AATCTCCTAAACAACCACCATCAC

894

gDNMT3B-seq1

GGTGGTTATTATTTGTTTTGTT

910

gFSCN2-F1

GGGATTTATTAGGTTTTGAAGATTT

911

gFSCN2-R1-bio

TCCTACTCCAACCTCCATATCTACTTAC

912

gFSCN2-seq1

ATTTATTAGGTTTTGAAGATTTAG

931

gGNAT1-F2

ATGGGTGTAGGGGTTAGT

932

gGNAT1-R2-bio

ACTATACCCACCTACCCAACAA

933

gGNAT1-seq2

TGTAGGGGTTAGTGT

916

gHAT1-F1

TTGGGAAATGGAGGGTGAGTTTTA

917

gHAT1-R1-bio

AACACCTCCCCCTACTCCCC

918

gHAT1-seq1

GGTGAGTTTTAGGTTGG

922

gHDAC2-F1

TGTGTGTGGAGGGTGTTT

923

gHDAC2-R1-bio

CCCTCTTATCCCTTACTATATTACTT

924

gHDAC2-seq1

GGGTGTTTAGTTTGGTAGT

919

gKAT7-F1-bio

AAGGTGAGAGGGGTTGGG

920

gKAT7-R1

ACCCCTATTTTCCCCCCAATTTTCT

921

gKAT7-seq1

CTAAAAAACTACATCCTAAATCT

886

gLRIT1-F1

GGAGTTTGGGGTTTTTGGAG

887

gLRIT1-R1-bio

ACCATTAACTAATCACATCTTATTAACTC

888

gLRIT1-seq1

GTTTATTTTTTTTTATTTGATGGAT

880

gMAFA-F1

GGGTTGGGGTAGGTGTTAA

881

gMAFA-R1-bio

CACCCAAACTCAACCTCAACTTCCACAC

882

gMAFA-seq1

AAGGGGAAGGTAGGA

901

gNFKB1 - F1

ATTTTTGGTGAGGGTTTGAGAG

902

gNFKB1-R1-bio

CACCCACAACCCCAAAACTAC

903

gNFKB1-seq1

GTGAGGGTTTGAGAGG

G56

gOTX2-F1

GATTGGGGAGAGGGAGAAAAAGGTG

G57

gOTX2-R1-bio

CTCTCCTCCCCRCTCCAACTTTAACATAATATC

G58

gOTX2-seq1

GGAGAAAAAGGTGTTTTAT

G26

gPDE6B-F1

AGTGAAAGGAAGTGTTTTAAGATAT

G27

gPDE6B-R1-bio

TTCTAAAACAACCTAAAATATTATACCACTACA

G28

gPDE6B-seq1

GGTTGAGAAGATTTGTTTTTTTAT

G29

gPDE6C-F1

TGGATTAAATTGATTGAGGTGTAGA

G30

gPDE6C-R1-bio

AATCTATAACATTCTATTTTTCTCCCTTTAA

Amplicon
size (bp)

Annealing
Temp (°C)

121

58

122

58

159

56

140

58

121

56

95

60

105

56

122

60

197

58

168

64

204

60

153

58

218

58

227

58

66
G31

gPDE6C-seq1

AGAAATTTTATTTAGATATTTAGT

907

gPRPH2-F1

TGGGGAGTTTAAGATGGAGG

908

gPRPH2-R1-bio

CTTTTACAACCTAAACCCCTCTT

909

gPRPH2-seq1

GTTTAAGATGGAGGGA

G7

gRBP3-F2-bio

ATTTATTGGTGTATTTTGGATGATGTA

G8

gRBP3-R2

AAATTTCCTCAACAAATATACTACACAC

G9

gRBP3-seq2

CTTATCTATCAAAATAATCATAACT

G1

gRHO-F1

GGTTTTTAATAATGATAGTGTGGGTTAGA

G2

gRHO-R1-bio

TCCCTTATAAAATACCCCCTACAATAAAC

G3

gRHO-seq1

GATTATGATTAATAATTTTTTAAGT

898

gRUVBL1-F1

GGGGAGGGGTAAGAAGGT

899

gRUVBL1-R1-bio

ACCCCAACCCCTTAACATA

900

gRUVBL1-seq1

GGGAGAGGGGTGGTT

928

gSETD6-F1

GGGTTGAGTTGAATGGATGGGA

929

gSETD6-R1-bio

AAATCCAAAATTCAAACCCCTATTC

930

gSETD6-seq1

TTGAATGGATGGGAG

129

58

280

58

160

58

166

60

196

60

67
Table B2: Sample key for DNA used in Bisulfite PCR. Sample numbers are the same as lane numbers in
gels (Figure B1)
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69

70

71

72
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Figure B1. Agarose (1.5%) gel electrophoresis of PCR amplified regions ±500bp within the TSS of
each gene. Table B2 gives the DNA used for each reaction. Table B1 gives a list of primer used in the
bisulfite PCR. A 100bp ladder is in the last well of each row. (a) ARR3 (b) DNMT3B (c) FSCN2 (d)
GNAT1 (e) LRIT1 (f) OTX2 (g) PDE6B (h) PDE6C (i) PRPH2 (j) RBP3 (k) RHO. The insert on the bottom
right of (k) is a repeat of sample 8 as DNA did not amplify in the first attempt.
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APPENDIX C: Gene specific DNA Methylation Analysis

Figure C1. Gene Expression and DNA Methylation Levels During Development from E6-E20. Each
plot represents RNA-seq and bisulfite pyrosequencing data. The top portion of the plots is a USCS density
graph of the expression of the gene in E8 retina and in E18 retina. The gene is drawn with exons as
rectangles and arrows depicting the introns and direction of transcription. The blue highlight in the USCS
density plots show the region analyzed for DNA methylation. The expansion of the highlight shows
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methylation levels in E6-E20 retina, E18 cornea and E18 brain at multiple CpG sites. Distances upstream
the TSS are denoted by the (-) sign whereas distances downstream the TSS are denoted by the (+) sign. The
dot plots give the average methylation at each time point. (a) DNMT3B (b) OTX2. Significant differences
between time points is determined by a Wilcoxon rank sum test. *p<0.05; **p<0.01, ***p<0.001.
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Figure C2. Gene Expression and DNA Methylation Levels During Development. Each plot represents
RNA-seq and bisulfite pyrosequencing data. The top portion of the plots is a USCS density graph of the
expression of the gene in E8 retina, E18 retina, and E18 cornea. The gene is drawn with exons as rectangles
and arrows depicting the introns and direction of transcription. The blue highlight in the USCS density
plots show the region analyzed for DNA methylation. The expansion of the highlight shows methylation
levels in E8 retina, E18 retina, and E18 cornea at multiple CpG sites. Distances upstream the TSS are
denoted by the (-) sign whereas distances downstream the TSS are denoted by the (+) sign. The dot plots
give the average methylation at each time point. (a) CCAR1 (b) HAT1 (c) KAT7 (d) MAFA (e) NFkB1 (f)
RUVBL1 (g) SETD6. Data for E18 Cornea in (e) is not included as it did not pass quality checks.
Significant differences between time points is determined by a Wilcoxon rank sum test. P-values are
presented in Table D1 for E8 retina and E18 retina comparison and Table D2 for E18 retina and E18 cornea
comparison.
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APPENDIX D: Statistical analysis of DNA methylation levels during development
Table D1. Kruskal-Wallis Rank Sum Test for differences
between E8 retina and E18 retina stages. Significant results
are highlighted. P<0.05
CCAR1
KAT7
HAT1
HDAC2
NFkB1
RUVBL1
MAFA
SETD6

chi-square test statistic
9.96E-01
8.33E-02
1.83E+00
2.93E-03
7.62E-02
1.74E+00
4.71E+00
2.13E-02

df
1
1
1
1
1
1
1
1

p-value
3.18E-01
7.73E-01
1.76E-01
9.57E-01
7.83E-01
1.87E-01
2.99E-02
8.84E-01

Table D2. Kruskal-Wallis Rank Sum Test for differences
between E18 retina and E18 cornea tissues. Significant
results are highlighted. P<0.05
chi-square test statistic
df
p-value
CCAR1
KAT7
HAT1
HDAC2
NFkB1
RUVBL1
MAFA
SETD6

9.32
1
2.27E-03
1.20
1
2.73E-01
13.54
1
2.34E-04
3.90
1
4.83E-02
Insufficient E18 Cornea Data
0.94
1
3.32E-01
5.71
1
1.68E-02
1.26
1
2.62E-01
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Table D3. Kruskal-Wallis Rank Sum Test for differences
in average methylation levels of E6-E20 developmental
stages. Non-significant results are underlined. P<0.05
ARR3
DNMT3B
FSCN2
GNAT1
LRIT1
OTX2
PDE6B
PDE6C
PRPH2
RBP3
RHO

chi-square test statistic
20.039
156.04
104.31
5.061
85.726
18.459
2.0934
14.777
69.567
45.502
31.952

df
7
7
7
7
7
7
7
7
7
7
7

p-value
5.49E-03
< 2.2E-16
< 2.2E-16
6.53E-01
9.31E-16
1.01E-02
9.55E-01
3.90E-02
1.81E-12
1.09E-07
4.15E-05

Table D4. Pairwise comparison done with the Wilcoxon Rank Sum Test on average
methylation values in E6-E20 developmental stages. Non-significant results are
underlined. P<0.05
ARR3
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E14 Retina

E16 Retina

E18 Retina

E8 Retina

8.77E-01

E10 Retina

2.98E-01

3.46E-01

E12 Retina

2.98E-01

3.95E-01

1.00E+00

E14 Retina

2.98E-01

4.06E-01

1.00E+00

1.00E+00

E16 Retina

1.00E+00

8.48E-01

2.98E-01

2.98E-01

2.98E-01

E18 Retina

3.44E-01

4.06E-01

7.90E-02

8.40E-02

5.90E-02

5.38E-01

E20 Retina

7.90E-02

2.35E-01

2.40E-02

2.40E-02

2.40E-02

2.98E-01

4.06E-01

E14 Retina

E16 Retina

E18 Retina

DNMT3B
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E8 Retina

9.73E-01

E10 Retina

4.51E-02

2.59E-02

E12 Retina

2.57E-02

1.26E-02

5.71E-01

E14 Retina

6.50E-06

2.70E-06

1.10E-04

6.50E-04

E16 Retina

9.80E-08

2.10E-07

2.00E-06

2.70E-06

1.87E-03

E18 Retina

1.60E-10

1.50E-09

3.10E-07

4.50E-07

6.00E-06

1.14E-03

E20 Retina

6.50E-12

6.50E-12

7.10E-11

1.60E-10

1.60E-07

4.60E-06

1.20E-04

E14 Retina

E16 Retina

E18 Retina

FSCN2
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E8 Retina

8.35E-01

E10 Retina

4.86E-01

3.82E-01

E12 Retina

2.70E-01

1.67E-01

5.34E-01

E14 Retina

2.87E-02

1.83E-02

5.58E-02

1.53E-01

E16 Retina

1.20E-05

8.90E-06

9.00E-05

2.10E-04

2.87E-02

E18 Retina

1.20E-05

4.30E-10

1.00E-06

8.50E-07

1.10E-04

1.68E-02
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E20 Retina

2.60E-09

3.80E-11

2.40E-07

8.80E-07

1.80E-05

3.93E-03

6.07E-01

E14 Retina

E16 Retina

E18 Retina

LRIT1
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E8 Retina

2.50E-02

E10 Retina

7.80E-09

7.80E-09

E12 Retina

7.80E-09

7.80E-09

3.11E-02

E14 Retina

7.80E-09

7.80E-09

8.00E-05

3.10E-02

E16 Retina

7.80E-09

7.80E-09

4.30E-04

1.68E-01

3.76E-01

E18 Retina

7.80E-09

7.80E-09

2.10E-04

6.55E-02

5.10E-01

6.78E-01

E20 Retina

7.80E-09

7.80E-09

3.40E-03

4.74E-01

1.58E-01

5.34E-01

3.50E-01

E14 Retina

E16 Retina

E18 Retina

OTX2
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E8 Retina

9.80E-01

E10 Retina

4.10E-01

2.90E-01

E12 Retina

1.80E-01

1.40E-01

1.50E-01

E14 Retina

1.40E-01

1.20E-01

1.40E-01

6.40E-01

E16 Retina

1.20E-01

1.20E-01

1.20E-01

4.70E-01

9.80E-01

E18 Retina

1.20E-01

1.00E-01

1.00E-01

5.10E-01

9.80E-01

9.30E-01

E20 Retina

1.40E-01

1.20E-01

1.20E-01

7.60E-01

9.30E-01

9.60E-01

6.90E-01

E6 Retina

E8 Retina

E10 Retina

E14 Retina

E16 Retina

E18 Retina

PDE6C
E12 Retina

E8 Retina

3.00E-01

E10 Retina

2.00E-01

6.90E-01

E12 Retina

2.00E-01

6.40E-01

9.20E-01

E14 Retina

6.90E-01

6.90E-01

5.60E-01

4.80E-01

E16 Retina

6.20E-01

2.00E-01

2.00E-01

2.00E-01

4.80E-01

E18 Retina

5.40E-01

2.00E-01

2.00E-01

2.00E-01

4.80E-01

9.80E-01

E20 Retina

4.00E-01

2.00E-01

2.00E-01

2.00E-01

3.40E-01

8.60E-01

8.60E-01

E14 Retina

E16 Retina

E18 Retina

PRPH2
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E8 Retina

5.46E-01

E10 Retina

4.26E-01

7.12E-01

E12 Retina

4.26E-01

7.12E-01

9.25E-01

E14 Retina

7.52E-01

9.25E-01

5.92E-01

5.11E-01

E16 Retina

3.69E-02

1.69E-02

1.47E-02

9.10E-03

4.03E-02

E18 Retina

5.30E-06

1.20E-05

1.50E-06

1.30E+00

2.60E-05

4.90E-04

E20 Retina

5.20E-06

9.40E-06

1.30E-06

1.30E-06

5.50E-06

2.30E-04

6.50E-01

E14 Retina

E16 Retina

E18 Retina

RBP3
E6 Retina

E8 Retina

E10 Retina

E12 Retina

E8 Retina

6.65E-02

E10 Retina

8.30E-05

8.30E-03

E12 Retina

3.60E-05

3.10E-03

8.96E-02

E14 Retina

1.00E-05

2.30E-03

6.65E-02

7.98E-01

E16 Retina

1.00E-05

1.10E-03

8.19E-02

8.13E-01

7.92E-01
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E18 Retina

2.90E-05

2.60E-03

4.89E-01

5.32E-01

5.32E-01

5.32E-01

E20 Retina

8.30E-05

3.90E-03

3.39E-01

8.21E-01

8.51E-01

7.92E-01

5.32E-01

E6 Retina

E8 Retina

E10 Retina

E12 Retina

E14 Retina

E16 Retina

E18 Retina

RHO

E8 Retina

4.21E-01

E10 Retina

3.87E-02

8.38E-01

E12 Retina

1.17E-01

8.38E-01

1.96E-01

E14 Retina

3.76E-02

5.24E-01

4.16E-01

1.99E-01

E16 Retina

1.84E-02

2.40E-01

4.08E-02

3.96E-02

2.62E-01

E18 Retina

3.00E-03

3.87E-02

3.10E-03

5.40E-03

3.76E-02

2.04E-01

E20 Retina

3.10E-03

8.52E-02

3.08E-02

3.39E-02

8.74E-02

4.16E-01

7.50E-01

Table D5. Kruskal-Wallis Rank Sum Test for differences
between E18 retina, E18 cornea, and E18 brain tissues.
Significant results are highlighted. P<0.05
ARR3
DNMT3B
FSCN2
GNAT1
LRIT1
OTX2
PDE6B
PDE6C
PRPH2
RBP3
RHO

chi-square test statistic
5.65
63.28
65.66
19.79
30.25
24.51
0.59
5.75
25.72
21.77
17.33

df
2
2
2
2
2
2
2
2
2
2
2

p-value
5.93E-02
1.82E-14
5.53E-15
5.05E-05
2.70E-07
4.77E-06
7.46E-01
5.65E-02
2.60E-06
1.87E-05
1.72E-04

Table D6. Pairwise comparison done with the Wilcoxon Rank Sum Test on average
methylation values in E18 retina, cornea, and brain tissues. Non-significant results are
underlined. P<0.05
ARR3
DNMT3B
FSCN2
GNAT1
LRIT1
OTX2
PDE6B
PDE6C
PRPH2
RBP3
RHO

E18 Retina - E18 Cornea
4.40E-12
1.30E-04
8.90E-05
1.80E-04
4.30E-05
1.80E-04
9.30E-06
1.49E-01

E18 Retina - E18 Brain
8.50E-04
2.50E-11
7.35E-02
2.80E-05
5.50E-01
5.00E-07
6.90E-05
1.30E-04

E18 Cornea - E18 Brain
8.50E-04
2.50E-11
6.50E-04
8.30E-05
4.30E-05
5.90E-02
2.00E-02
1.00E-03
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